Abstract Purpose: The aim of this study was to determine in patients with high-risk primary uveal melanoma whether the detection of circulating tumor cells by quantitative reverse transcription-PCR (RT-PCR) is of prognostic relevance. Experimental Design: Blood samples from 110 patients with high-risk nonmetastatic uveal melanoma were collected on the occasion of primary treatment or follow-up visit. mRNA expression of tyrosinase and MelanA/MART1 were analyzed by real-time RT-PCR and compared with clinical data at presentation and follow-up by univariate and multivariate analyses. Results: The RT-PCR assay yielded a positive result in 11 of 110 patients, with five positive findings for tyrosinase and five for MelanA/MART1, and one sample positive for both markers. At a median follow-up of 22 months, 25% of patients had developed metastases and 15% had died. Univariate statistical analysis revealed RT-PCR and the largest tumor diameter as important prognostic factors for the development of metastases and for survival. In a Cox proportional hazard model, RT-PCR result and largest tumor diameter predicted metastases (hazard ratios 7.3 and 2.6, respectively), whereas PCR result, largest tumor diameter, and Karnofsky performance status were significant variables for disease-specific survival (hazard ratios 22.6, 4.7, and 6.0, respectively). Analysis of individual RT-PCR results revealed both tyrosinase and MelanA/ MART1 transcripts as independent prognostic factors. Conclusion: The presence of tyrosinase or MelanA/MART1 transcripts is an independent prognostic factor in patients with high-risk primary uveal melanoma for subsequent development of metastases and for survival and can be used to select patients for adjuvant treatment studies.
A major problem with uveal melanoma is the development of systemic metastases, which occur in up to 35% of cases even after successful treatment of the primary tumor (1 -6). The survival rate of patients with metastatic uveal melanoma remains poor with a median of between 2 and 9 months in spite of a variety of systemic therapeutic approaches (5, 7 -9) . There is an urgent need to define risk factors for systemic metastasis to evaluate novel adjuvant treatments for high-risk patients.
Several clinical, histologic, and genetic factors (e.g., tumor size and monosomy 3) have been identified as important risk factors for local recurrence, development of metastases, and survival (5, 6, 10 -15) . However, histologic and genetic predictive factors are not usually identified because most patients with uveal melanoma are treated with radiotherapy (6, 16, 17) . It is therefore necessary to rely on clinical features, such as largest basal tumor diameter, ciliary body involvement, and extraocular growth, which have firmly been established as important clinical prognostic factors by the Collaborative Ocular Melanoma Study (COMS; ref. 6) .
The detection of disseminated tumor cells in the blood by reverse transcription-PCR (RT-PCR) is particularly relevant to uveal melanoma, which metastasizes early and exclusively via the hematogenous route (17) . Transcripts of tyrosinase and MelanA/MART1 can be detected in peripheral blood of a subset of patients with uveal melanoma (18, 19) . In patients with cutaneous melanoma, prospective studies have confirmed the prognostic relevance of the RT-PCR assay results in most studies (20 -34) . Also, for sequential monitoring the prognostic significance of tyrosinase transcript, detection by RT-PCR was clearly shown in two studies (29, 34) .
Here, we analyzed a cohort of 110 patients with primary uveal melanoma showing unfavorable clinical prognostic factors. Our results suggest that the detection of circulating tumor cells by quantitative RT-PCR for tyrosinase and MelanA/ MART1 reliably indicates a poor prognosis for survival.
Franklin between 1998 and 2004 were invited to participate in this study if they had unfavorable clinical prognostic factor. Clinical features indicating poor prognosis included mid-size to large tumors with a largest tumor diameter exceeding 8 mm, ciliary body involvement, or extraocular tumor growth. Peripheral blood samples were obtained at the time of primary therapy or at a subsequent outpatient visit. All patients gave informed consent for the analysis. The investigation was done after approval by the institutional ethic committee. Absence of metastatic melanoma at the time of blood sampling was confirmed by clinical evaluation, routine biochemistry (i.e., liver enzymes and lactate dehydrogenase levels), and liver ultrasonography. Follow-up information was obtained by contacting each patient's ophthalmologist or general physician. Only two patients were excluded from final analysis because of incomplete follow-up.
RT-PCR assay. The method of analysis is described in detail elsewhere (18) . In brief, 10 mL blood samples were collected in EDTA containers. Total RNA was isolated by acid guanidinium thiocyanate/ phenol chloroform extraction (35) and further purified by the High Pure RNA Isolation kit (Roche Diagnostics, Mannheim, Germany). For reverse transcription, we used the Omniscript Reverse Transcriptase kit (Qiagen, Hilden, Germany). Quantitative RT-PCR was done to detect transcripts of the melanoma markers tyrosinase and MelanA/MART1, and of the housekeeping gene porphobilinogen deaminase (PBGD). PCR conditions for the LightCycler (Roche Diagnostics) are summarized in Table 1 . Two microliters of each cDNA sample were diluted to a volume of 20 AL PCR mix (LightCycler Faststart DNA Master Hybridization Probes, Roche Diagnostics), containing the final MgCl 2 concentration listed in Table 1 , 0.5 pmol of each primer (Metabion, Martinsried, Germany), and 0.2 pmol of each probe (TIB Molbiol Berlin, Germany, or Metabion). For amplification, an initial denaturation at 95jC for 10 min, followed by 55 cycles (0 s at 95jC, 12 s at the temperature provided in Table 1 , and 10 s at 72jC), and a final extension of 2 min at 72jC was used. The expected size of the PCR products was confirmed by agarose gel electrophoresis. All samples were analyzed in duplicate, and the average value of the two measurements was used as the quantitative value. If only one of the duplicates gave a positive signal, the positive result was taken. When results from the same sample showed a discrepancy, we checked whether the positive value was near the detection limit (i.e., nondetection was a sporadic event) and confirmed that the value of the housekeeping gene was in the reference range.
To reduce risk of contamination, thermocycling and post-PCR steps were done in a laboratory different from the one used for RNA extraction, cDNA synthesis, and PCR mixture preparation. PCR mixtures were set up in a template tamer (Oncor Appligene, Heidelberg, Germany). All reagents for cDNA synthesis were prepared with RNasefree water. For every PCR run, we did checks using negative controls consisting of a reverse transcriptase negative sample control for With the LightCycler software (version 3), crossing points (beginning of the PCR exponential phase) were assessed by the Second Derivative Maximum algorithm and plotted against the standard concentrations. Sample concentration was calculated using the plasmid standard curve, resulting in marker concentrations expressed as copy number of corresponding standard molecules per microliter. For comparing different blood samples, the marker concentration was normalized by concentration of the housekeeping gene. The relative sample amount was expressed as ratio marker (tyrosinase or MelanA/MART1)/(PBGD).
Because tyrosinase transcripts are not detected in blood samples from healthy persons (18) , any detection of tyrosinase was considered positive. The transcripts of MelanA/MART1 show a low background expression in hematopoietic cells. The cutoff for MelanA/MART1/PBGD ratio was defined as twice the background expression, 4.4 Â 10 À5 (18).
Thus, only blood samples with MelanA/MART1/PBGD ratios above this cutoff were considered positive. Statistical analysis. Descriptive statistics include mean, SD, median, and range for numerical variables, and absolute and relative frequencies for categorical factors. Associations between RT-PCR results and potential prognostic factors were analyzed with Fisher's exact test or, in the case of patient age at blood sampling, with the Mann-Whitney U test. RT-PCR results and clinical variables were assessed for their prognostic significance for time to metastases (TTP, time to progression) and disease-specific survival (DSS) by means of univariate Cox regression analysis, Kaplan-Meier analysis and log-rank test, and by multivariate Cox proportional hazard analysis with forward and backward selection. TTP, DSS, and age were related to the time of blood sampling. Lead-time bias was controlled by including the time between diagnosis and first blood sampling as a covariate into the Cox analysis and, additionally, by performing a subgroup analyses for that cohort of 75 patients with blood sampling at time of primary therapy. To verify the assumption of proportional hazards for explanatory variables in the selected models, model diagnostics was done by adding the corresponding time-dependent covariate (36) . The analysis was done with the statistical package SPSS 12.0 (SPSS, Inc., Chicago, IL).
Results
Patient cohort characteristics. Over a 6-year period, blood samples from 110 patients with complete follow-up were obtained. For 75 patients, blood sampling was done at the time of primary therapy (i.e., enucleation or radiotherapy). Thirty-five patients were seen at a routine follow-up visit with a median interval between primary tumor diagnosis and blood sampling of 1 month (range 1-120 months). The clinical data, which are summarized in Table 2 for all patients, are comparable in both subgroups. The patient cohort selected for this study comprised a high-risk group with mid-size to large tumors and more than one third of patients had ciliary body involvement. In all patients, there were no signs of metastatic melanoma at the time of blood sampling. During the median follow-up interval of 22 months, 27 patients (25%) developed systemic metastases and 18 patients (15%) died from metastatic melanoma. Four patients had died of other causes.
RT-PCR results and relation to clinical variables. A total of 11 patients (10%) had a positive RT-PCR result, with blood samples from five patients positive only for tyrosinase, five patients positive only for MelanA/MART1, and one patient positive for both these markers. Correlation between RT-PCR results and age, sex, Karnofsky performance status, largest tumor diameter, extraocular growth, and ciliary body infiltration are shown in Table 3 . The two mRNA markers tyrosinase and MelanA/MART1 were pooled into one variable PCR, which was defined as positive if at least one of the single markers was positive. The PCR assay result showed no correlation with any clinical features, as assessed by Fisher's exact test, and no association with age, according to the MannWhitney U test.
Univariate analysis of potential prognostic factors. Univaririate Cox regression analysis revealed highly significant results for tyrosinase, MelanA/MART1, and PCR (all P values V0.003) with respect to TTP and DSS ( Table 4 ). The RT-PCR results were significant for both overall survival and DSS. The Kaplan-Meier estimates for TTP and DSS by RT-PCR results are shown in Figs. 1 and 2 . Five of 11 PCR-positive patients (45%) relapsed and three died during the first year, in comparison with five relapses (5%) and no deaths in 99 PCR-negative patients. Altogether, there were seven relapses and deaths in PCR-positive patients and 20 (11) relapses (deaths) in PCR-negative patients. With univariate analysis, a positive RT-PCR result indicated an increased risk of metastasis and disease-specific mortality with a hazard ratio of 6.3 (95% confidence interval, 2.5-15.5) and 10.9 (95% confidence interval, 4.0-29.6), respectively. The univariate analysis did not yield any significant result for the clinical variables. Largest tumor diameter was of borderline significance, with a hazard ratio of 2.3 for TTP (P = 0.067) and of 3.2 for DSS (P = 0.064).
Multivariate analysis: all patients. In a multivariate Cox regression analysis, all clinical factors and RT-PCR results (PCR as combined variable or tyrosinase and MelanA/MART1) were considered for variable selection (Table 5) . No violation of the proportional hazards assumption was detected, and the time from diagnosis to blood sampling was included as covariate in the model. Forward and backward selection gave basically identical results. For TTP, RT-PCR results and largest tumor diameter were selected as model variables. PCR was shown to be a relevant prognostic factor for the development of metastases with a hazard ratio of 7.3 (P < 0.001). When considered separately, both tyrosinase and MelanA/MART1 were independent prognostic factors in the model with hazard ratios of 5.3 (P = 0.005) and 9.9 (P < 0.001), respectively. For DSS, the Karnofsky performance status was also included in the model. The prognostic relevance of the RT-PCR results for DSS was even more pronounced with a hazard ratio of 22.6 (P < 0.001) for PCR, 5.1 (P = 0.024) for tyrosinase, and 35.9 (P < 0.001) for MelanA/MART1. When overall survival was considered instead of DSS, the results of the model were essentially unchanged (not shown). If the PCR result was omitted from the analysis, only the largest tumor diameter was included in the model with a hazard ratio of 2.3 (P = 0.067) for TTP and a hazard ratio of 3.2 (P = 0.064) for DSS.
Subgroup analysis of patients with blood specimens taken at the time of the diagnosis. To exclude lead-time bias, the subgroup of 75 patients with blood sampling at the time of primary therapy was investigated, and comparable results were obtained (Table 5) . Again, the detection of circulating tumor cells was a strong prognostic factor in the univariate analysis (Fig. 3) . For the development of metastases, the largest tumor diameter and PCR were both significant and included in the model. For survival, the Karnofsky performance status, PCR, largest tumor diameter, and sex were included in the model (by backward elimination), whereas only the Karnofsky performance status and PCR produced P values <0.05. Because of the small number of RT-PCR -positive results (n = 7), the subanalysis for tyrosinase and MelanA/MART1 was omitted within this subgroup.
Discussion
The study presented here shows a prominent relevance of RT-PCR for tyrosinase and MelanA/MART1 in a cohort of 110 patients with uveal melanoma and unfavorable tumor characteristics. The presence of tyrosinase transcripts and expression of MelanA/MART1 transcripts above the healthy volunteer cutoff value were both independently, and also as combined variable, associated with a very high risk for development of hematogenous metastases occurring within 2 years of follow-up. Both transcripts strongly predicted DSS and overall survival, whether assessed separately or together.
We are aware of six previous small studies on tyrosinase transcripts in peripheral blood of patients with uveal melanoma reported in the literature (37 -41). Tobal et al. (39) detected tyrosinase mRNA in blood samples from six patients with uveal melanoma. Two of these patients had metastatic disease, and in one nonmetastatic patient the detection of tyrosinase mRNA was followed by occurrence of liver metastases 9 months later. Two years later, the same group reported absence of tyrosinase mRNA in 51 blood samples from 36 primary uveal melanoma patients (40) . El Shabrawi (38) reported presence of tyrosinase transcripts in 2 of 12 from nonmetastatic uveal melanoma patients. In one of the two patients with positive PCR, histology of the primary tumor revealed tumor invasion of a vortex vein and the other patient developed liver metastases within 12 months. In a preceding report on quality assurance of diagnostic RT-PCR from our group (18), we had noted that the detection of tyrosinase transcripts preceded the development of liver metastases in two of three patients. Callejo et al. (41) showed that the detection rate of tyrosinase and Melan A transcripts in peripheral blood increased by multiple sampling in a study with 30 patients. Due to the short follow-up, prognostic importance of PCR results was not evaluated. In a recent study including 41 uveal melanoma patients, 16 were found positive for tyrosinase mRNA in peripheral blood samples and the prognostic role of the detection of tyrosinase transcripts was shown by univariate analysis (37) .
Three of these studies concluded with the hypothesis that PCR detection of tyrosinase may be a relevant prognostic factor in uveal melanoma patients, which now has been verified by the study reported here.
In addition to tyrosinase as a marker for circulating melanoma cells, we included MelanA/MART1 in our study as a second marker. Multimarker RT-PCR has been shown to be more sensitive for detection of circulating melanoma cells in patients with cutaneous melanoma (20) . In a preceding report from our institution, several markers had been investigated for their applicability using quantitative RT-PCR, and tyrosinase and MelanA/MART1 and have been found suitable in our hands (18) . The univariate and multivariate analysis of the study presented here revealed detection of both transcripts as independent strong prognostic factors for the development of metastases and DSS. This result shows the advantage of using several melanoma-associated markers to increase the sensitivity of the method.
The patient cohort of 110 patients in our study is still rather small for achieving generalizable results; however, several features of our analysis support the robustness of the Cox models. These features most importantly include the absence of discrepancies when comparing forward and backward selection of variables, concordant results when comparing disease-specific with overall survival and also when omitting the 35 patients in whom blood samples were not obtained at the time of primary treatment but at a later outpatient clinic visit. The results in our patient cohort are in general agreement with the results observed in the COMS series, the largest prospective series of uveal melanoma patients reported in the literature. The proportion of patients with tumors exceeding 14 mm in longest basal diameter was larger in our patient cohort compared with the patients in the COMS studies (56% versus 16%; ref. 42 ). The 22-month metastases rate in our study was therefore higher compared with the overall 24-month metastases rate reported for the COMS series (23% versus 10%; ref. 6 ). The rate of metastases of 24% at 2 years in the subgroup of patients with tumors exceeding 16 mm in largest basal diameter of the COMS series is similar to the 23% metastasis rate at 22 months in our high-risk patient cohort. Despite the overriding importance of the RT-PCR results in our study, the largest tumor diameter remained a significant predictor of metastasis and survival in our patient cohort as in the COMS reports. The positive and negative predictive values of the results of the PCR analysis with respect to the development of systemic metastases are 64% and 80%, respectively. Due to the small number of PCR-positive patients, the positive predictive value has to be considered with caution. By combining the variables PCR and largest tumor diameter in our study, the negative predictive value increases to 91%. Thus, patients with a negative result of the PCR analysis and a largest tumor diameter V14 mm should be candidates for observation only.
In summary, RT-PCR -based detection of the two melanoma markers tyrosinase and MelanA/MART1 offers high prognostic value for patients with primary uveal melanoma and should be useful for patient counseling, development of follow-up recommendations, and selection of patients for investigation of novel adjuvant treatment approaches.
